Due to the striking correlation between the distribution of transcriptionally active subdivisions of the polytene chromosomes and Z-DNA, we have addressed the question of whether the Z-DNA configuration exists in native, transcriptionally active chromosomes of Drosophila hydei prepared without interference by procedures known to induce the B to Z conformation. Our experiments indicate that Z-DNA forms are present in a specific set of sites on the native chromosomes. They occur on interbands and other subdivisions of dispersed DNA, but there is no correlation between the amount of Z-DNA detected and DNA compaction. The results suggest, moreover, that Z-DNA forms are restricted to specific genes, because various subdivisions induced to transcription in puffs show different patterns of Z-DNA. We show, in addition, that removal of chromosomal proteins by proteinase K has a strong influence on the level of anti-Z-DNA reactivity.
In recent years the concept that DNA is not a static molecule but is a dynamic structure with considerable conformational flexibility represents a significant development in the biochemistry of DNA. In fact, soon after the formulation of the B-DNA model there was some discussion about the possible existence of alternative conformational variants. This discussion, never reflected in systematic studies, was stimulated by the unexpected discovery of a left-handed structure in a crystal of an alternative hexanucleotide (dC-dG)3 (1, 2). The discovery initiated an intensive search for the possible biological significance of this conformation, named Z-DNA. The observations (i) that the transition from B to Z may occur in conditions related to hydration of the molecule (3) (4) (5) or to the type and number of the associated cations, (ii) that it is not restricted to poly(dC-dG)3 (6) (7) (8) (9) (10) (11) , and (iii) the possibility that in vivo Z-DNA can be stabilized by negative supercoiling (7, (12) (13) (14) (15) and specific binding proteins (16) , indicated that the Z-DNA forms might be present in chromosomal structures. The most stimulating discovery was that potential Z-DNA sites are present in transcriptional enhancers (8) and structural genes (17, 18) and also function as a negative regulatory transcription signal (19, 20) . Rich et al. (16) postulated, therefore, that the information content of the Z-DNA forms may be associated with specific locations in the chromosome relative to the structural genes or with their sequence composition. What the role of these DNA forms is and whether they exist and function in vivo is still unclear. The existence of specific Z-DNA binding proteins in the nuclei of Drosophila melanogaster and in minichromosomes of virus SV40 as well as in wheat germ (21) seems to indicate, however, that this DNA conformation does have a function in biological systems.
The availability of antibodies that react specifically with Z-DNA has stimulated the search for Z-DNA in chromosomal structures. It was found in the polytene chromosomes of Drosophila (22) (23) (24) (25) and Chironomus (26, 27) , in the interphase nuclei of Stylonichia mytilus (28) , and in metaphase chromosomes ofprimates (29) . The fact, however, that the solvents used during the manual preparative procedures (ethanol and acetic acid) induce different and reproducible patterns of Z-DNA (25, 26, 30) has raised some doubts about its existence in the native state. Hill and Stollar (30) and Robert-Nicoud et al. (26) reported that they could not detect Z-DNA in unfixed polytene chromosomes isolated by micromanipulation, and Gross et al. (31) indicated that specific Z-DNA conformations formed by (dT-dG)n(dC-dA)n sequences do not significantly exist in isolated nuclei from exponentially growing mouse mastocytoma cells.
In this paper we have addressed the question of whether the Z-DNA configuration exists in native transcriptionally active chromosomes of Drosophila hydei prepared without interference by procedures known to induce the B to Z transformation. Our experiments indicate that in native conditions Z-DNA forms are detected in a specific set of sites on the chromosomes, that they occur on interbands and other subdivisions of dispersed DNA in a pattern similar to that found in acetic acid-squashed chromosomes, but also indicate that there is no correlation between the amount of Z-DNA detected and DNA compaction. The (25) . Even though the chromosomes in these experiments had not been submitted to denaturation or protein removal, it was difficult to ascertain whether the pattern observed could be attributed to the native conformation of the DNA or to induced Z-DNA.
To determine whether Z-DNA forms exist in nondenatured squashed chromosomes, we applied the anti-Z-DNA antibody to chromosomes under conditions that prevented DNA denaturation and protein extraction. For this purpose we used acetic acid-squashed chromosomes from isolated nuclei that had been prefixed for 2 min in either PBS/formaldehyde or ethanol/formaldehyde, because formaldehyde fixation prevents chromosomal denaturation and protein extraction by acid (34, 35) . Fig. 1C shows that after prefixation in PBS/formaldehyde, anti-Z-DNA, fluorescence is detected preferentially over subdivisions of dispersed DNA-with a distribution similar to that observed without prefixation (Fig. 1A) . After prefixation in ethanol/formaldehyde the same pattern was observed, but the intensity of the fluorescence was higher (Fig. 1D) . When the isolated nuclei were squashed in acetic acid without formaldehyde prefixation, the fluorescence was very intense over all the chromosomal structure (Fig. 1B) . Because (i) acetic acid does not denature the chromosomal DNA in chromosomes prefixed in PBS/formaldehyde, (ii) there was not removal of chromosomal proteins in chromosomes prefixed in ethanol/formaldehyde, and (iii) the cytological distribution of anti-Z-DNA reactivity observed in all cases (Fig. LA, C, and D) is similar, we think that the pattern of Z-DNA detected in acid-squashed chromosomes or in formaldehyde-fixed chromosomes, if induced, is not the result of the release of DNA torsional strain due to DNA denaturation.
To avoid the interference of solvents that may influence the B to Z transition we have incubated isolated nuclei with goat anti-Z-DNA antibody before any prefixation procedure. We assumed that once the antibody binding took place the nuclei could be fixed in ethanol/formaldehyde before squashing in 50% acetic acid. The advantage of this procedure is two-fold: on the one hand, intact chromosomes could be in contact with the antibody during the period in which they were considered to be in native condition, and, on the other hand, the formaldehyde would help stabilize binding of the anti-Z-DNA antibody to the Z-DNA segments during the second period of incubation with the second antibody. Any Z-DNA segments induced by the ethanol during the fixation step of the nuclei would not be visualized because binding with the anti-Z-DNA antibody was already completed. As a control we used goat nonimmune serum.
To ensure that chromosomes were in native state during the period of incubation with the antibody we tested their ability to incorporate 3H, and we also checked for the presence of NHP and nascent RNA molecules in the chromosomes after the incubation period. Although the isolated nuclei incorporated radioactivity for 90 min (Fig. 2a) DNA-RNA hybrids and NHP could only be detected in the chromosomes for the first 30 min after isolation (Fig. 2 b and c) . When the chromosomes were incubated for a longer period oftime (40 min) the chromosomes lost the ability to bind anti-NHP and, moreover, nascent RNA molecules could not be detected when the DNA was denatured and formation ofDNARNA hybrids was encouraged. Thus the chromosomes could not be considered native 30 min after isolation. The pattern of distribution of Z-DNA in these chromosomes may be seen in Fig. 3 . Although the intensity of fluorescence was in general lower than that seen in acetic acid-squashed chromosomes or in chromosomes that had been prefixed in ethanol/formaldehyde previous to incubation with the anti-Z-DNA antibody, the patterns are very similar. In native chromosomes, the anti-Z-DNA sites locate in interbands or subdivisions of dispersed DNA, but there is no correlation between DNA dispersion and intensity of anti-Z-DNA fluorescence (Fig. 4) . For example, subdivision 4-93A has very dispersed DNA but a very low level of Z-DNA fluorescence, whereas in subdivision 4-92A with also a very dispersed DNA the intensity of fluorescence is higher. Similar relationships are observed in chromosomes fixed and squashed in 50% acetic acid. Z-DNA reactivity was never detected over any chromosomal subdivisions in chromosomes that had lost capacity to bind anti-NHP antibodies or in which we could not demonstrate DNARNA molecules. Moreover, anti-Z-DNA was not detected over the nucleolar DNA, nor was it observed on the chromosomes in the controls incubated with nonimmune serum.
The influence of protein removal on Z-DNA induction was studied on acetic acid-squashed chromosomes incubated (Fig. 5A ), but the intensity of the fluorescence is significantly higher. When the chromosomes were treated with a higher concentration of the enzyme (20 Aug/ml) for the same period of time, anti-Z-DNA binding extended over the whole chromosomal structure, even to DNA-rich bands (Fig. 5C ). In contrast, after longer periods of incubation with 20 pug/ml (10-15 min) , the anti-Z-DNA reactivity significantly decreased everywhere. However, increase in Z-DNA reactivity was not seen after 15 min ofproteinase K digestion (20 ,ug/ml) in chromosomes fixed in formaldehyde in spite of protein removal (data not shown).
The high levels of Z-DNA induced in chromosomes treated with proteinase K allowed us to observe different levels of Z-DNA in active loci. In subdivision 4-78B, induced to high transcription rates during late-third instar, there are high levels of anti-Z-DNA binding, whereas in subdivision 4-81B, induced to puff by a heat-shock treatment, the Z-DNA (B) chromosomes were fixed and squashed in 50% acetic acid; (C) chromosomes were incubated with the antibody and then fixed as described for Fig. 3 . In all cases D the chromosomes were incubated with goat anti-Z-DNA followed by FITC-labeled rabbit anti-goat IgG. In (D) the chromosome of C was stained with aceto-orcein.
reactivity is at background level. On the other hand, in puff 2-48B (also heat-inducible) there is higher Z-DNA reactivity. This is clearly seen in Fig. 6 d and c where densitometer profiles of the Z-DNA fluorescence (b) and DNA bands (a) are shown. Therefore, the Z-DNA configuration is not always associated with high transcription, and it is not induced by DNA decondensation per se, as Pardue also reported (23).
DISCUSSION
In a recent paper Lancillotti et al. (25) indicated that in the polytene chromosomes ofboth D. hydei and D. melanogaster anti-Z-DNA binding could be detected in dense bands or interbands depending on the method used for fixation. Although these experiments suggested that Z-DNA conformations could exist in native chromosomes where DNA is dispersed, that ethanol could drive the B-Z equilibrium towards the Z form (36) as reported for deproteinized DNA (37) was not excluded. The data presented in this paper demonstrate that, indeed, Z-DNA configurations can be induced in the chromosome structure, because removal of chromosomal proteins by mild proteinase K treatment increases significantly the level of anti-Z-DNA reactivity. Because short incubation times with proteinase K cause the Z-DNA reactivity to increase only over subdivisions of disperse DNA, whereas longer incubation times extend the effect to compact regions (bands), we think that the release of torsional strain in nucleosomes or higher-order chromatin structures due to protein removal, may allow DNA mobility, introduce changes in superhelical densities, and thus induce the Z-DNA conformations. These data indicate, moreover, that potential Z-DNA-forming sites are distributed throughout the chromosome-in interbands as well as in bands.
Removal of small amounts of protein may lead to changes in superhelical densities only in interbands, whereas to produce the same effect in very compact bands larger amounts of protein must be removed.
Because, after a long incubation period with proteinase K, the level of Z-DNA reactivity decreases significantly throughout the chromosome, we think that extensive relaxation of the DNA supercoiling favors the equilibrium toward the B conformation. Probably Z-DNA forms cannot be induced in formaldehyde-treated chromosomes because the There is no doubt that the crucial question is whether or not Z-DNA segments exist in functionally active chromosomes. Because our data demonstrate that Z-DNA segments can be visualized in unfixed chromosomes, but only while they maintain a normal pattern of NHP and nascent RNA molecules, it may be, as indicated by Rich et al. (16) that removal of specific subsets of chromosomal factors may have been the reason why Z-DNA conformations were not visualized in chromosomes isolated by micromanipulation (26, 30) . The nature of these factors is difficult to determine because a nonspecific removal of chromosomal proteins increases the Z-DNA signal. We think that the absence of Z-DNA forms in chromosomes obtained by micromanipulation must be correlated with the loss of their functional native state.
Because the distribution of Z-DNA conformations in native chromosomes is similar to that detected in acetic acid-squashed chromosomes, we think that the original observations of Nordheim et al. (22) may, at least partially, reveal the native condition. Although the reason why Z-DNA segments in vivo are mainly localized in specific subdivisions of dispersed DNA involved in transcription is not obvious, it probably should be correlated with specific changes in the electrostatic environment of potential Z-DNA segments during the transcriptional process. The finding of strong anti-Z-DNA reactivity in transcriptionally active subregions induced by ecdysone (25) supports this suggestion.
On the other hand, it is clear that neither the accumulation of NHP in some chromosomal loci nor the transcription process per se induces Z-DNA conformations, because in some potential transcriptionally active subdivisions, which can be induced to puff, there is no Z-DNA. Moreover, in these loci Z-DNA cannot be experimentally induced. Probably in these regions there are no potential Z-DNA-forming DNA segments. The role of the Z-DNA forms in vivo and of the potential Z-DNA-forming segments localized at specific transcription sites is still to be discovered. Because removal of chromosomal proteins may induce Z-DNA conformations, it is possible that specific chromatin-bound factors, interacting with the DNA or proteins of specific loci, may introduce changes in the conformation of the DNA to regulate the level of transcription, that these conformational changes may also be a consequence of changes in nucleosome structure due to histone modification, and that specific Z-DNA-forming sequences are required as recognition sites for those factors.
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